To address the problems of the suspended buffer spring's safety and service life, we introduce the basic operating principles and structure parameters of the suspended buffer; followed by establishing a new numerical model of the buffer spring vibration using Femap software. The vibration characteristics of the spring form the basis for spring safety check and service life prediction. Therefore, the principles influencing the gangue particle size and feeding rate on the vibration characteristics of the buffer spring were analyzed. The results have indicated that the vibration frequency, axial pressure peak and the maximum and minimum axial pressure within the periodic vibration had power relations with gangue particle size D, while they had linear relations with the gangue feeding rate v except for the vibration frequency that had nothing to do with the feeding rate. According to the ultimate axial pressure of the spring, the relations between the shear pressure and tensile strength as well as the vibration characteristics, the spring's safety check formula and service life formula were obtained. Based on the backfilling parameters of the working face in Dongping Coal Mine, the crushed gangue particle size and spring service life were determined. Based on the engineering practice in Dongping Coal Mine, the spring service life was obtained. And the fatigue fracture of the spring was also analyzed.
Introduction
The fully-mechanized coal mining with solid backfilling is one of the methods to recover the coal resources under buildings, water bodies and railways [1] . The gangue backfilling could not only reduce backfilling costs to a great extent, but also could solve environmental pollution issues caused by the gangues, which are often considered to be the worthless rock or vein matter in which valuable metals or minerals occur. This is the reason why gangues are used as backfilling materials [2, 3] . However, the safe and efficient transport of gangue to the underground excavated areas, especially the coal mines, has been discussed recently [4] . As shown in Figure 1 , after many years of research, Zhang et al. designed the suspended buffer to solve buffering problems of gangues [5] .
Main function of the suspended buffer is to slow down the fast moving gangues from surface to underground during their transportation. This significantly reduces the chances of any damage caused due to impact of speeding gangue on the surface underneath [6] . It has been noticed earlier that the buffer's ultimate loading capacity and working hours are important performance indicators for the suspended buffer [7, 8] . This has a direct consequence to the safety and service life of the buffer spring [9, 10] ; wherein service life refers to the fatigue failure time under periodic cyclic loading. On the other hand, the safety of the spring is related to the maximum axial pressure and the axial pressure peak values. In this paper we present the results of our study conducted for checking the safety and predicting the service life of the spring.
There are two ways of improving spring safety: (i) either the ultimate axial pressure of the spring could be increased by increasing the strength of spring materials. As a consequence of continuous improvement of material composition and processing technologies, the material strength of the spring gradually increased from 900MPa to more than 2000 MPa [11, 12] . (ii) or by adjusting the spring's geometric parameters [10] . In terms of the fatigue failure of the spring, many experiments and applications had proved that the failure of helical spring was from inside to outside in a 45 degree direction along the inner surface under the actions of the cyclic loads [13] . The calculation method of the spring fatigue was put forward according to the cumulative damage theory [14, 15] . The smaller the surface roughness of spring materials, the smaller the stress concentration and the higher the fatigue strength. As the surface roughness increased, the fatigue limit would decrease [10] .
Earlier, Liu et al. [5] studied the buffer's vibration response characteristics and structural stability, and optimized the feeding technology of gangue particles. Subsequently, Ju et al. [16] used the theoretical analysis method to study the elastic collision and plastic collision characteristics of gangues and conical buffer in a collision period.
Then the vibration equations of the buffer spring and vibration deflection equations of the support beam were established during the collision process.
The above-mentioned researches have focused on the spring's ultimate axial pressure, fatigue failure and buffer's vibration characteristics. There haven't been any significant numbers of in depth studies on the safety and service life of the suspended buffer spring; notwithstanding the fact that such information could provide theoretical basis for the safety judgement and service life prediction of a buffer spring. This paper is a step forward in this direction. Here we introduce the operating principles of the suspended buffer and structure parameters of the spring. Then we provide the numerical calculation method used to analyze the influence laws of gangue particle size and feeding rate on the safety and service life of the buffer spring. Finally, it was determined that the service life of the spring according to the gangue feeding rate of the Dongping Coal Mine.
2 Operating principles of the suspended buffer and spring structure parameters
Operating principles
As shown in Figure 2 , the suspended buffer is mainly composed of a buffer mechanism and a limiting mechanism. The buffer mechanism includes a conical protective cover, a buffer base and buffer springs. The limiting mechanism consists of the upper limiting nuts, the lower limiting nuts and guide rails. The conical protective cover is fixed on the buffer base. The upper end of the buffer spring is connected with the buffer base, while the lower end is fixed on the lower limiting nut. The upper and lower limiting nuts are fixed with the buffer base and guide rails, respectively. The upper end of the guide rails is welded and fixed on the outer wall of the feeding pipe. The gangue particles are put into the buffer device through the feeding pipe. After the buffering of the conical protective cover, the gangue will be finally scattered in the storage silo with lower velocity. The buffer mechanism could achieve repeated buffering and recovery under the action of the buffer spring.
Buffer spring
The buffer spring is one of the key components of the suspended buffer. As shown in Figure 2 , the buffer spring, located between the buffer and limiting nuts, is a kind of buffer device. It could not only store and release energy, but also could alleviate the impact and reduce the vibrations. The compression coil spring is most widespread among various types of springs. It is easy to manufacture and has compact structure, high energy absorption efficiency and zero friction. Therefore, it was taken as the damping component. To improve the strength of spring materials, the 60Si2CrVAT chromium-vanadium steel was adopted. Compared with 60Si2Mn steel, it has higher yield and tensile strength and larger anti-torsion and anti-shear ability [17] . As shown in Figure 3 , the buffer spring had an outer diameter of 250mm, the pitch diameter of 200mm and the inner diameter of 150mm. The material diameter was 50mm. The stiffness of the spring was 3.8×10 5 N/m. The effective turns were 20. 
The analysis of buffer spring's vibration characteristics
The vibration characteristics of the buffer spring are the basis for evaluating its safety and predicting its service life. The gangue particle size and gangue feeding rate are core factors that affect vibration characteristics of the spring, so their influence laws on vibration characteristics of the spring should be analyzed. The out-of-pipe speed of the gangue particles was large and couldn't be obtained in the laboratory. Moreover, the physical simulation model was difficult to constrain the properties of the gangue and air. Therefore, the numerical simulation method was adopted in this paper. In the simulation, out-of-pipe speed of the gangue particles was obtained. Then the numerical simulation scheme was determined. Finally, the Femap software was used to establish the vibration model of the suspended buffer spring. The influencing factors of vibration characteristic of spring were determined.
The out-of-pipe speed of gangue particles
The forces encountered by gangue particles in the feeding pipe included the gravity, buoyancy, additional mass force, air bonding resistance, and etc. Zhang et al. [18] obtained the formula of the speed of gangue particles in the feeding pipe, as follows:
where a = ρp πD 3 3 6 g and f = u f Where D is the gangue particle size, mm; ρp is the gangue density, 2500 kg/m 3 ; g is the acceleration of gravity, 9.8/ms −2 ; C D is the additive resistance coefficient and is often taken as 0.44; ρ f is the air density and taken as 1.205Kg/m 3 ; andu f is the air velocity in the feeding pipe, 2m/s. The gangue particle size D was generally between 20 mm and 100 mm. D of 20, 40, 60, 80 and 100 mm were taken and substituted into formula (1) to analyze the influence laws of gangue particle sizes on out-of-pipe rate of gangue particles. after a period of acceleration, the gangue particles reached peak at constant speed through the feeding pipe. When the peak was reached, the impact load of gangue particles on the suspended buffer was the largest. For the conservative estimation, the speed when the peak was reached was taken as the out-of-pipe speed.
Substituting D of 20, 40, 60, 80 and 100 mm into formula (2) , the values of t were 8.6, 12.1, 14.8, 17.1 and 19.0 s. Substituting t into formula (1) , the values of v were 33.0, 47.6, 58.7, 68.1and 76.4 m/s, respectively.
The numerical simulation schemes
To analyze influence laws of gangue particle size and gangue feeding rate on the spring's vertical displacement, two numerical simulation schemes were proposed. In scheme I, the gangue feeding rate was 500 t/h. The gangue particle size was between 20 mm and 100 mm and increased every 20 mm. The influence laws of gangue particle size on spring's vertical displacement were studied. In scheme II, the gangue particle size was 60 mm. The feeding rate was 100~700t/h and increased every 200t/h. The influence laws of gangue feeding rate on the spring's vertical displacement were studied. Table 1 shows the specific schemes. 
Model establishment
The Pro/E 3D modeling software was adopted. The commands such as stretching, rotating and mirroring were used to establish a solid model of the suspended buffer. Then the 3D model was imported into Femap as IGS file. The mesh generation, element selection, boundary conditions and material attributes were carried out in Femap. As shown in Figure 4 , the conical protection cover and buffer base, buffer spring and guide used the highorder Shell element, DOF spring element and high-order Beam element, respectively [19] . The top of the guild had fixed constraints. The spring and buffer base used the multi-point constraints. The constitutive models of the conical protection cover, the connection between buffer base and guild rails used the bilinear elastoplastic model with isotropic hardening [20] . The conical cover and buffer base were modeled using the bilinear isotropic hardening model [21, 22] with elastic modulus E 1 =210 GPa, Poisson's ratio µ 1 =0.30 and tangent modulusT 1 =21 GPa. The elastic modulus and Poisson's ratio for waste particles are E 2 =15.0 GPa and µ 2 =0.27, respectively. Also, it has a cohesive force c 2 of 6.2 MPa and an internal friction angle φ 2 of 23 ∘ . The stiffness of four buffer springs between the upper and lower limit nuts was 3.8×10 5 N/m. The Rayleigh damping [23] was used to reflect the functions of the damping materials, as follows:
Where C is the damping matrix; M is the mass matrix and K is the stiffness matrix. A and β are the proportional coefficients of mass and stiffness damping. Through theoretical analysis and calculation, α is 0.23 and β is 0 [24, 25] . So the formula 3 is simplified and reduced to: C=0.23 M.
In numerical calculation, the mass of individual gangue particles is calculated according to the particle size of gangue particles. According to the feeding speed of gangue particles, the quantity of gangue produced in unit time is given in the numerical calculation software. In order to ensure the accuracy and efficiency of numerical simulation, the method of automatic incremental step and arc length is adopted.
The vertical displacement could reflect the vibration characteristics of the buffer spring and provides a basis for safety check and service life prediction. It is therefore necessary to get the change laws of vertical displacement with time and analyze the influence laws of gangue particle size and gangue feeding rate on the spring's vertical displacement. As shown in Figure 4 , the vertical displacements at A point were extracted to analyze the influence laws of gangue particle size and gangue feeding rate on the vertical displacement.
Parameters calibration for gangues
In this model, the material properties for conical cover, buffer base, and guide rails were obtained from experimental measurements. However, as gangues were simplified as spheres, the direct use of their properties measured in a lab would inevitably lead to simulation error. It was, therefore, necessary to calibrate the material properties for gangues. This was achieved by permanently adjusting its elastic modulus E 2 , Poisson's ratio µ 2 , cohesive force c 2 and internal friction angle φ 2 , such that the vertical displacements of the springs in simulation agrees well with that of the field measurements.
Obtaining gangues
Gangues with certain diameter must be obtained to calibrate their material parameters. This was achieved using the multistage vibrating screening as shown in Figure 5 , which screened out gangues with an approximate diameter of 40 mm. The screened gangues were then fed into the feeding pipe. After coming out from the pipe, gangues collided with the suspended buffer.
Parameters calibration
Monitoring the vertical displacements of buffer springs is relatively simple. Therefore, a YWD-80 displacement sensor was installed for the real-time monitoring of its vertical displacement. The maximum data acquisition frequency of this device can reach up to 100 Hz. The device was fixed near the spacing hole. The monitoring time was 5 s, during which the data were obtained and stored.
The vertical displacement of the buffer springs was obtained by the YWD-80 displacement sensor and the data processing system. By permanent adjustment of the parameters for gangues, the vertical displacement in the numerical simulation was converged to that of the field measurement, as shown in Figure 6 . The resulting gangue parameters were E 2 =16.1 GPa, µ 2 =0.28, c 2 =5.6 MPa and φ 2 =22 ∘ . Figure 6 shows that for D=40 mm, vertical displacement peaks of the springs in numerical simulation and field measurements were 0.214 m and 0.205 m, respectively, with the corresponding vibration periods of 0.169 s and 0.173 s. Both the magnitude and trend of the vertical displacement agreed well with the field measurement, which to some extent verified the appropriate selections of gangue parameters.
In order to objectively and accurately analyze the coincidence between field measurement and numerical simulation, hypothesis testing was carried out. During the present study, the Pair-samples t test in Origin software is used. The results show that P_vaule = 0.723 > 0.05. Therefore, there is no obvious difference between the two groups of data, which proves the reliability and accuracy of numerical simulation.
The analysis of buffer spring's vertical displacement 3.5.1 Gangue particle size
The gangue particle sizes are usually relatively large during the roadway driving and protection layer mining and have large impacts on buffer spring, so they are required to be crushed to a certain size. The size of the crushed gangue particles directly determines the crushing process and crushing costs. The smaller the particle size, the more complicated the process and the higher the costs. However, the smaller the gangue particle size, the lower the speed out of the feeding pipe. At this time, the impacts of the gangues on the buffer are smaller. The spring has higher level of safety and longer service life. Therefore, it is of great significance to determine the critical crushed particle size. As shown in Figure 7 , the vertical displacements in scheme I were arranged to analyze the influence laws of the gangue particle size on vertical displacement of suspended spring. In Figure 7 , the vertical displacement of the buffer spring rapidly increased to the peak after the impacts of the gangues on the suspended buffer. When the gangue particle sizes were 20, 40, 60, 80 and 100 mm, the vertical displacements reached the peak at 0.151, 0.122, 0.102, 0.090 and 0.085s. The corresponding peak values were 0.082, 0.205, 0.287, 0.324 and 0.348m. The corresponding peak values of axial pressure Fmax were 31.16, 77.90, 109.06, 123.12 and 132.24 kN. Secondly, after reaching the peak value, the buffer spring gradually entered into the periodic vibration. When the gangue particle sizes were 20, 40, 60, 80 and 100 mm, the vibration periods of the vertical displacement of the buffer spring were 0.258, 0.173, 0.149, 0.138 and 0.130s, respectively. The corresponding frequencies f were 3.870, 5.780, 6.721, 7.252 and 7.692Hz, respectively.
After entering into the periodic vibration, when the gangue particle sizes were 20, 40, 60, 80 and 100, the buffer's maximum vertical displacements W 1 were 0.081, 0.167, 0.234, 0.268 and 0.285 m, respectively, and the minimum vertical displacements W 2 were 0.063, 0.132, 0.185, 0.212 and 0.225 m. The corresponding maximum axial pressures of the spring F 1 were 30.78, 63.46, 88.92, 101.84 and 108.30 kN, respectively, and the minimum axial pressures F 2 were 23.94, 50.16, 70.30, 80.56 and 85.50kN, respectively.
To further analyze the function relationships among the gangue particle size D and buffer spring vibrational frequency f, peak axial pressure Fmax, the maximum axial pressure F 1 , the minimal axial pressure F 2 within periodic vibration, Figure 8 shows the relations among the gangue particle size D and above-mentioned buffer spring vibration parameters. The Original software was used for data fitting. The results were f = 1.286D 0.395 , Fmax = 5.235D 0.715 , F 1 = 5.085D 0.677 and F 2 = 3.960D 0.680 .
Gangue feeding rate
The gangue feeding rate is directly determined by the gangue's backfilling velocity that is restricted by parameters of the gangue backfilling working face, including the length of the backfilling working face, backfilling height, advance rate of the working face and etc. The change of the above-mentioned parameters has different requirements for the gangue feeding rate. In Figure 9 , the vertical displacements of buffer spring in scheme II were arranged. The influence laws of the gangue feeding rate on the vertical displacement were analyzed.
The analysis of Figure 9 indicates that the vertical displacements of the spring rapidly increased to the peak after the impacts of gangue particles on the suspended buffer. When the feeding rates were 100, 300, 500 and 700 t/h, the vertical displacements reached the peak at 0.90 s. The corresponding peak values were 0.057, 0.172, 0.287 and 0.401 m. The corresponding axial pressures reached the peak Fmax, which were 21.66, 65.36, 109.06 and 152.38 kN, respectively.
In addition, the spring gradually entered into the periodic vibration when the vertical displacements reached the peak. When the gangue feeding rates were 100, 300, 500 and 700 t/h, the vibration period of spring's vertical displacements was 0.149 and the corresponding frequency was 6.721 Hz. The spring's vibration frequency was irrelevant to the feeding rate. That is, the function relationship between the gangue feeding rate and the vibration frequency could be expressed as f = 6.721.
(1) After entering into the periodic vibration, with the feeding rates of 100, 300, 500 and 700t/h, the buffer spring's maximum vertical displacements W 1 were 0.047, 0.141, 0.234 and 0.331 m. The minimum vertical displacements W 2 were 0.039, 0.117, 0.185 and 0.270 m. The corresponding maximum axial pressures F 1 were 17.86, 53.58, 88.92 and 125.78 kN. The corresponding minimum axial pressures F 2 were 14.82, 44.46, 70.30 and 102.60kN.
The function relations with the gangue feeding rate and buffer spring axial pressure peak Fmax, the maximum axial pressure F 1 , the minimum axial pressure F 2 within periodic vibration were analyzed. Figure 10 shows their relations. The Original software was used for data fitting. The results were Fmax = 0.218v, F 1 = 0.179v and F 2 = 0.145v. 
The safety checks and service life prediction for suspended buffer spring 4.1 Safety check
The safety is the basic parameter of the normal work of the buffer spring, which could be checked by the ultimate axial pressure Pn. The Eq. (4) is as follows:
where d 1 is the material diameter and taken as 0.05 m. d 2 is the pitch diameter of the spring and taken as 0.2 m. C is the spring wrap ratio and C = d2 d1 = 4. β is the spring curvature coefficient, and β = 4C−1 4C−4 + 0.615 C = 0.14. τp is the allowable shearing stress and taken as 740 MPa.
Substituting the above parameters into Eq. (4), it could be obtained that Pn=129 kN.
In Section 3.5, a power function relation existed between the gangue feeding rate and the maximum spring pressure Fmax, and the relationship between the gangue feeding rate and the gangue particle size could be expressed in a linear relation. When the gangue particle size was D and feeding rate was v, the maximum spring pressure Fmax could be expressed as follows by Origin software fitting: Fmax = 0.01047vD 0.715 (5) The allowable conditions of the spring material strength could be expressed as follows:
The following formula could be further obtained.
D < (12321/v) 1 .399 (7) 
Service life prediction
The service life of the buffer spring could directly influence the service life of the suspended buffer. There is a direct relation between the spring's service life and the number of the cyclic vibrations. After numerous experiments, there were certain relationships between the number of spring cyclic load and the shear stress τ and the tensile strength σ b of the spring steel section [26, 27] , as shown in Table 2 . 
Where σ b is the ultimate tensile strength of the spring and taken as 1600 MPa.
Under the actions of the axis pressure, the shear stress τ of the coil spring steel section consisted of two kinds of shear stresses. One was the maximum shear stress τ 1 directly produced by the shear force. The other was the maximum shear stress τ 2 due to the torque generated by the force.
Where F 1 is the maximum axial stress during spring periodic vibration. Similarly, when the gangue particle size is D and the gangue feeding rate is v, the maximum axial stress F 1 could be expressed as follows:
Substituting Eq. (9), (10) and (11) into Eq. (8), the following Eq. (12) was obtained. τ = 0.06495vD 0.677 (12) According to the ratio relationship of τ and σ b during spring periodic vibration, the number of the spring cyclic loading N was calculated.
Then the Eq. (13) of the service life of the spring was given, as follows: t = N/ (fT) (13) Where f is the vibration frequency of the buffer spring and T is the effective feeding time of gangues. The spring's vibration frequency f had a power function with the gangue particle size D, and had nothing to do with the feeding rate v. When the gangue particle size was D and the feeding rate was v, the buffer spring's vibration frequency was as follows:
The service time t of the spring was as follows:
5 The engineering application
The engineering background
As shown in Figure 11a , Dongping coal mine is located in Yangquan City, Shanxi Province, China, with recoverable reserves of 4.08 million tons. The serviceable life will be just 3 to 4 years if the annual output is 1.2 million tons. A large number of buildings and farmlands exist in the range of mine field. The coal amounts under the buildings and farmlands reach 73.54 million tons and the recoverable coal amounts reach 63.24 million tons. However, mining problems under buildings and farmlands became the major problems restricting further development of the coal mines in such areas. Therefore, it was decided to recover 15601 working panel at Dongping coal mine using the gangue backfilling technique as shown in Figure 11b . The underground backfilling techniques determine the gangue feeding rate. When the length of the backfilling working face was L, the backfilling height was H, the advancing velocity was V, the surplus coefficient of gangues is η, the bulk density of gangues is and the effective feeding time is T, the gangue feeding rate could be expressed as follows:
The specific values of the above-mentioned parameters were given according to on-site backfilling parameters, as shown in Table 3 . Substituting the parameters into Eq. (16), the feeding rate of the gangues was 504 t/h. For the convenience of equipment selection, the feeding rate of gangues v was determined as 500t/h. 
The safety and service life of the buffer spring
According to the safety checks, gangue particle size was D<88.5 mm by substituting the feeding rate into Eq. (7) . Meanwhile, in order to increase the service life of the spring as much as possible, the vibration times of the spring shall be around 1.0×10 7 , thus it is required that τ < 0.3σ b . Substituting Eq. (12) into Eq. (16), it could obtain that D<53.4 mm. Based on the safety and service life, the gangue particle shall be D<53.4 mm. For the convenience of equipment selection, the gangue particle size D was determined as 50 mm. Substituting gangue particle size into Eq. (15), it could obtain that t=1658310 s. The gangue feeding time of the feeding system was 4 h every day, so the service life of the buffer spring was 115 days.
The application effects of the spring
Based on the above researches, the critical crushed particle size of gangue particles was determined to be 50 mm. Initially the loader was used to put the washing gangues into outdoor hopper. Then they would be fed into the screen machine through the conveyer. After screening, the particles less than 50 mm directly entered belt. The particles more than 50 mm were crushed again until below 50mm and then allowed to enter the belt.
Through 125 days of service, the buffer spring experienced fatigue failure. This was closer to the predicted service life of 115 days and further verified the reliability of the simulation analyses. As shown in Figure 12 , the fatigue damage analysis of the spring after use shows that there were cracks in spring section and the spring occurred failure and fracture to a certain degree.
Conclusions
On the basis of results obtained during present study, following conclusions are drawn:
(1) The spring vibration frequency, peak pressure, and the maximum and minimum periodic vibration pressure all presented power functions with the gangue particle D. The spring vibration frequency had nothing to do with the gangue feeding rate, while the peak pressure and the maximum and minimum periodic vibration pressure had linear relations with the gangue feeding rate.
(2) According to the ultimate axial pressure and the safety requirement of the spring, the relations between gangue particle size and gangue feeding rate, D < (12321/v) 1.399 , were obtained. The relationships between the spring's shear stress and tensile strength, τ<0.3σ b , were determined based on the number of spring cyclic road. Then the formula of spring service life, t = N/(1.286D 0.395 T), was obtained. 
